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(57) A method for estimating noise power in a re-
ceived signal that was transmitted using an orthogonal
frequency division multiple access (OFDMA) modulation
scheme in which pilot symbols are transmitted during
OFDM symbol periods of the transmitted signal, the
method comprising: interleaving a de-patterned pilot
symbol that was transmitted in an OFDM symbol period
of the transmitted signal with a de-patterned pilot symbol

that was transmitted in a previous OFDM symbol period
of the transmitted signal to generate an interleaved de-
patterned pilot symbol; filtering the de-patterned inter-
leaved pilot symbol to remove a signal component of the
interleaved pilot symbol to leave a noise component of
the interleaved de-patterned pilot symbol; and process-
ing the noise component generated by the filtering to gen-
erate an estimate of the noise power in the interleaved
de-patterned pilot symbol.
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Description
Technical Field
[0001] The present invention relates to a noise power estimation method.

Background to the Invention

[0002] In order to support higher data rates in mobile telecommunications networks, the third generation partnership
project (3GPP) introduced a new air interface based on orthogonal frequency domain multiple access (OFDMA) tech-
niques as the long term evolution (LTE) of the UMTS network. LTE supports a peak downlink data rate of 300Mbps and
a peak uplink data rate of 75Mbps.

[0003] Since 2009 3GPP has worked on the furtherimprovement of LTE to meet the requirements of a more demanding
standard known as LTE Advanced (LTE-A). LTE and LTE-A use adaptive modulation and coding to achieve optimum
throughputin different channel conditions, by modifying, at the transmitter, the coding rate and modulation order according
to the current quality of the propagation channel between the transmitter and a user equipment (UE) such as a mobile
telephone receiving the transmitted signal. This adaptive modulation and coding requires accurate estimation of signal
to noise power ratio (SNR) by the UE, which can have a significant effect on system throughput.

[0004] Itis known to use a moving average filter to filter out noise from a signal received by a UE. Comparing the input
and output of the moving average filter provides an estimate of the noise power in the received signal. Estimating the
noise power in a received signal using a moving average filter in this way gives good results in additive white Gaussian
noise (AWGN) propagation channels. However, in time varying channels, the accuracy of noise power estimation using
this technique is limited.

[0005] A number of other noise estimation algorithms are known, but these are impractical for an LTE receiver, as
either they cannot meet the performance requirements for multipath fading channels with large propagation delays or
mobility, or they are not compliant with the 3GPP standard, or the algorithms are too complex for implementation in a
practical receiver.

Summary of Invention

[0006] According to a first aspect of the present invention there is provided a method for estimating noise power in a
received signal that was transmitted using an orthogonal frequency division multiple access (OFDMA) modulation scheme
in which pilot symbols are transmitted during OFDM symbol periods of the transmitted signal, the method comprising:
interleaving a de-patterned pilot symbol that was transmitted in an OFDM symbol period of the transmitted signal with
a de-patterned pilot symbol that was transmitted in a previous OFDM symbol period of the transmitted signal to generate
aninterleaved de-patterned pilot symbol; filtering the interleaved de-patterned pilot symbol to remove a signal component
of the interleaved de-patterned pilot symbol to leave a noise component of the interleaved de-patterned pilot symbol;
and processing the noise component generated by the filtering to generate an estimate of the noise power in the
interleaved de-patterned pilot symbol.

[0007] The method may further comprise performing a phase rotation of the de-patterned pilot symbols of the received
signal in the frequency domain.

[0008] The de-patterned pilot symbol that was transmitted in the previous OFDM symbol period may be stored in a
buffer.

[0009] The method may further comprise scaling the noise power estimate to compensate for errors introduced during
the filtering of the de-patterned interleaved pilot symbol.

[0010] According to a second aspect of the invention there is provided a receiver for receiving a signal that was
transmitted using an orthogonal frequency division multiple access (OFDMA) modulation scheme in which pilot symbols
are transmitted during OFDM symbol periods of the transmitted signal, the receiver comprising: an interleaver configured
to interleave a de-patterned pilot symbol that was transmitted in an OFDM symbol period of the transmitted signal with
a de-patterned pilot symbol that was transmitted in a previous OFDM symbol period of the transmitted signal to generate
an interleaved de-patterned pilot symbol; a filter configured to filter the interleaved de-patterned pilot symbol to remove
a signal component of the interleaved de-patterned pilot symbol to leave a noise component of the interleaved de-
patterned pilot symbol; and a processor configured to process the noise component generated by the filtering to generate
an estimate of the noise power in the interleaved de-patterned pilot symbol.

[0011] The receiver may further comprise a phase rotator configured to perform a phase rotation of the de-patterned
pilot symbols of the received signal in the frequency domain.

[0012] The receiver may further comprise a buffer for storing the de-patterned pilot symbol that was transmitted in the
previous OFDM symbol period.
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[0013] The receiver may further comprising a scaling unit configured to scale the noise power estimate to compensate
for errors introduced during the filtering of the interleaved de-patterned pilot symbol by the filter.

Brief Description of the Drawings

[0014] Embodiments of the invention will now be described, strictly by way of example only, with reference to the
accompanying drawings, of which:

Figure 1 is a schematic representation of a structure of a frame transmitted using an orthogonal frequency division
multiple access (OFDMA) modulation scheme;

Figure 2 is a schematic representation of a structure of a subframe of the frame illustrated in Figure 1;
Figure 3 is a schematic representation of two resource blocks of the frame illustrated in Figure 1;

Figure 4 is a schematic representation illustrating interleaving of pilot symbols in an OFDM symbol in a signal
transmitted using an OFDMA modulation scheme;

Figure 5 is a representation of a normalised frequency spectrum of de-patterned pilot symbols across the whole
signal bandwidth of a transmitted signal that includes resource blocks as shown in Figure 3;

Figure 6 is a is a representation of a normalised frequency spectrum of de-patterned pilot symbols across the whole
signal bandwidth of a transmitted signal that includes resource blocks as shown in Figure 4; and

Figure 7 is a schematic representation of an architecture for estimating the noise power in a signal transmitted using
an OFDMA modulation scheme.

Description of the Embodiments

[0015] Referringfirstto Figure 1, a frame of a signal transmitted using an orthogonal frequency division multiple access
(OFDMA) modulation scheme, for example a frame transmitted under the LTE or LTE-A standards discussed above, is
shown generally at 10. The frame 10 has a duration of 10 milliseconds, and is made up of ten subframes 20, each having
a duration of one millisecond. Each subframe 20 is in turn divided into two slots 12, each having a duration of 0.5
milliseconds. As can be seen from the schematic illustration of Figure 2, each slot 12 contains 7 OFDM symbols 22,
such that each subframe 20 contains 14 OFDM symbols 22.

[0016] Each OFDM symbol22is divided amongst a plurality of mutually orthogonal subcarriers, the number of available
subcarriers being dependent upon the transmission bandwidth of the system transmitting the signal to be transmitted.
Aresource block 30, which is the smallest possible unit for data allocation inan OFDMA system, consists of 12 subcarriers
that are contiguous in frequency for a duration of one slot. This is illustrated schematically in Figure 3, which shows two
resource blocks 30, each containing 12 frequency-contiguous subcarriers (shown extending vertically) for one slot of 7
OFDM symbols 22 (shown extending horizontally).

[0017] The gridillustrated in Figure 3 is known as a resource grid, with each square of the grid representing one OFDM
subcarrier for one symbol period. The squares of the resource grid are referred to as resource elements (REs).

[0018] In an LTE receiver (e.g. a receiver of a mobile telephone) there is typically a channel estimation block or sub-
system that is configured to estimate channel state information representing the condition of the propagation channel
between the receiver and a transmitter that transmits signals to the receiver. The transmitter transmits a known pilot
signal to the receiver, and the channel estimation block decodes the received signal to recover the pilot signal, which
will have been affected by the propagation channel through which it travelled from the transmitter to the receiver. By
comparing the decoded version of the pilot signal to the original known pilot signal, the channel estimation block can
determine the effect of the channel on the pilot signal, and from this can generate an estimate of the channel impulse
response of the channel, representing the effect of the channel on a transmitted signal.

[0019] The pilot signal is transmitted by modulating pilot or reference symbols of the pilot signal onto selected ones
of the plurality of mutually-orthogonal subcarriers, using an inverse fast Fourier transform (IFFT) (which is also used for
modulating data symbols onto the plurality of subcarriers) at the transmitter.

[0020] As can be seen from Figure 3, pilot symbols RO are embedded in the resource blocks 30 that are transmitted
by a transmitter of the system transmitting the signal. The pilot symbols RO are transmitted according to a preset pattern
that repeats for each resource block 30. In the example illustrated in Figure 3, the pilot symbols RO are transmitted in
the first and fifth symbol periods of the resource blocks 30. Additionally, consecutive ones of the pilot symbols RO are
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transmitted at different frequencies, as they are transmitted on different ones of the plurality of OFDM subcarriers. In
the example illustrated in Figure 3, pilot symbols RO are transmitted on the first and sixth OFDM carriers in the first
symbol period, and in the fourth and tenth OFDM carriers in the fifth symbol period.

[0021] Assuming that a pilot symbol p,(i) is transmitted on the kth subcarrier of the ith OFDM symbol, the version y,
(i) of the pilot symbol received at a receiver (following a fast Fourier transform (FFT) operation to reverse the inverse
fast Fourier transformation undergone by the pilot symbol at the transmitter) may be written as

Y@ =H.O p,(D+n(), (1

where H,(i) represents the channel state information at the kth subcarrier of the ith OFDM symbol, p,(i) is the pilot symbol
and n,(i) represents additive white Gaussian noise (AWGN) with a variance 62 = E{|n (/)2 |} (E{}is the expectation operator).
[0022] After the FFT operation, the pilot symbols RO are de-patterned. This symbol de-patterning is to extract the
received pilot symbols from positions to which the pilot sybols are allocated in the time-frequency grid (or resource grid),
as shown in Figure 3, and to divide the received pilot symbols by the locally generated pilot symbols. The de-patterned
pilot is equivalently an estimate of the channel state information IA-Ik(/), representing the channel actually experienced by
the pilot symbol p,(i), which can be expressed as

A= 2@
0=

[0023] From this it follows that

HO POy o m@

() =
“ (D) 2. (1)

[0024] The above equation can be rewritten as

H,()=H, () +7,0), (2)

~ o 1)
where P (l) o p (l) - Assuming p(i) has a unit power, n,(i) is still an additive white Gaussian noise with the same
k

power as n(i) has.
[0025] 'IA'he channel estimate Hk (i) for the whole of the transmitted signal can be derived by interpolating the channel
estimate H, (/) for the pilot symbols across the whole of the frequency band of the transmitted signal.

[0026] The channel estimate H(i) at the pilot locations may be regarded as the channel estimate of the channel
experienced by the de-patterned pilot symbols after removing the noise. Thus, the noise power in a received signal can
be estimated by subtracting the channel estimate H,(i) at the pilot locations from the channel estimate IA-Ik(/) for the pilot
symbols. However, it will be appreciated that the accuracy of the noise estimate is dependent upon the accuracy of the
channel estimate using this method. Additionally, channel estimates may not be available when noise power estimates
are required in some situations.

[0027] It is possible to perform noise power estimation in a received signal independently of channel estimation, as
will be explained below.
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[0028] It can be assumed that the channel impulse response does not change significantly between pilot symbols, i.e.
H,(i-l) = H,(i), where lis the time between two pilot symbols. This assumption is valid when /is smaller than the coherence
time of the channel.

[0029] Based on this assumption, the de-patterned pilot symbols RO of a previous received OFDM symbol can be
interleaved with those of a current received OFDM symbol. This is shown schematically in Figure 4, in which it can be
seen that the de-patterned pilot symbols RO from the first OFDM symbol period have effectively been moved to the fifth
symbol period, to interleave them with the de-patterned pilot symbols RO present in the fifth symbol period.

[0030] Interleaving the de-patterned pilot symbols in this way reduces the number of images of the de-patterned pilot
symbol that are present in the frequency spectrum of the de-patterned pilot symbols for the symbol period in which they
appear, effectively increasing the bandwidth of noise in the spectrum of the de-patterned pilot symbols for that symbol
period, making it easier to filter the noise from the wanted signal, and thus to estimate noise power in the received signal,
as will now be explained.

[0031] Figure 5 is a representation of a normalised frequency spectrum of the de-patterned pilot symbols RO in the
fith OFDM symbol period (shown in dashed outline) in the second resource block shown in Figure 3. As can be seen,
the frequency spectrum of the pilot symbols includes a main signal band centred around 0 and a plurality of image signal
bands (e.g. centred around approximately 0.3 and approximately 0.7 respectively). There is one main signal band and
five images because the subcarrier spacing between the two adjacent pilots is six (i.e. the second pilot symbol is
modulated onto the sixth subcarrier from the first pilot symbol), and the subcarriers between the two adjacent pilot
symbols are filled with zeros. Between the main signal band and the first image signal band is a noise band. In order to
estimate the noise power in the received signal, a band pass filter must be applied to filter out the signal band, leaving
only the noise band. However, as will be appreciated by those skilled in the art, the signal band and the noise band are
very close together in frequency, meaning that a filter with a very sharp roll off is required to filter out the signal and
leave only the noise. Such filters are complex to implement, and thus costly.

[0032] In contrast, Figure 6 is a representation of a normalised frequency spectrum of the de-patterned pilot symbols
RO in the fith OFDM symbol period (shown in dashed outline) in the second resource block shown in Figure 4. As is
explained above, the fifth OFDM symbol in the second resource block shown in Figure 4 includes interleaved pilot
symbols from a previous OFDM symbol. The effect of this interleaving of the pilot symbols is to reduce the number of
signal band images in the frequency spectrum of the pilot symbols RO, which increases the bandwidth of the noise band
between the main signal band and its first image signal band. The reason for this is that by interleaving de-patterned
pilots, the subcarrier spacing between adjacent pilot symbols is reduced from six to three, meaning that, in accordance
with established signal processing theory, the total number of main signal bands and images will be reduced to three.

[0033] As will be appreciated by those skilled in the art, designing a filter to filter out the signal band from the increased
noise band is significantly less challenging, and the resulting filter will be simpler in comparison to a filter for filtering out
the main signal band shown in Figure 5, and therefore less costly.

[0034] Figure 7 is a schematic representation of an exemplary architecture for effecting the interleaving of reference
signal discussed above in a receiver. It will be appreciated that the schematic representation of Figure 7 presents the
architecture as a series of functional blocks, but that the functional blocks do not necessarily represent physical com-
ponents of a "real world" implementation of the architecture, but are instead intended to represent processing operations
undergone by a received signal.

[0035] The architecture 40 illustrated in Figure 7 includes a synchronisation block 42, which is configured to perform
timing synchronisation of a received signal. The time synchronised signal so generated is output by the synchronisation
block 42 to an FFT block 44, which is configured to perform an FFT on the time synchronised received signal, to convert
the received signal to the frequency domain, reversing the effect of the inverse FFT applied to the pilot symbols at the
transmitter side.

[0036] The FFT block 44 outputs a frequency domain signal to a pilot symbol de-patterning block 46, which is operative
to perform pilot symbol de-patterning. The de-patterned pilot symbols are output by the de-patterning block to a phase
rotation block 48.

[0037] The start point of a FFT window used by the FFT block 44 is intended to coincide with the start of the received
signal. However, the timing synchronisation performed by the synchronisation block 44 may not be perfectly accurate,
and so the start point of the FFT window used by the FFT block 44 may not coincide exactly with the start of the received
signal. Thus, a time offset may be introduced in the received signal, which corresponds to a phase shift when the received
signal is converted into the frequency domain by the FFT block 44.

[0038] The phase rotation block 48 is intended to compensate for this introduced time offset/phase shift. The phase
rotation block 48 is configured to receive from the pilot de-patterning block 46 a vector H(i) of de-patterned pilot symbols,
where H(i) = [Hy(i)...FHx4()]T, where K is the number of pilot symbols in the relevant OFDM symbol period.

[0039] The phase rotation block 48 is configured to estimate the linear phase caused by modulation delay, using the



10

15

20

25

30

35

40

45

50

55

EP 2 667 561 A1

~ 1 K-2 n ) n )
equation 0 = d—é(z H, (z) -H, (l) » Where d, is pilot spacing in frequency; £ denotes the angle of a complex

» k=0

variable; Iﬁlk (i) is the k-th de-patterned pilot at symbol i; and K is the number of pilots in the observation window.
[0040] After detecting the linear phase, the phase rotation can be expressed as

[0041] Thus, the phase rotation block 48 applies a phase rotation to the de-patterned pilot symbols in the received
signal to re-centre the main signal band in the normalised spectrum of the pilot symbols (as illustrated in Figure 6) around
0. As will be appreciated, the time offset introduced by the synchronisation block 42 is not necessarily constant, and
thus the dynamic compensation for this provided by the phase rotation block 48 helps to ensure that the subsequent
filtering of the received signal is correctly applied, which improves the accuracy of the noise power estimation.

[0042] The phase rotation block 48 outputs a phase rotated version of the vector H(i) to a buffer 50, which is configured
to buffer or store the pilot symbols RO of a received OFDM symbol, so that they can be interleaved with the pilot symbols
RO of a subsequent received OFDM symbol.

[0043] Outputs of the phase rotation block 48 and the buffer 50 are connected to inputs of a pilot symbol interleaving
block 52, which is configured to interleave buffered pilot symbols RO of a previous OFDM symbol, output by the buffer
50, with pilot symbols RO of a current OFDM symbol, as output by the phase rotation block 48.

[0044] An output of the pilot symbol interleaving block 52 is input to a band pass filter 54, which is configured to filter
out the signal band of the input signal, leaving only the noise band. In some embodiments the band pass filter 54 is
configured to up-sample the signal received at its input. For example, the band pass filter 54 may be a 3x up-sampling
band pass filter, meaning if K is the number of pilot symbols in the relevant OFDM symbol period, the band pass filer
54 will output 3K samples.

[0045] The signal output by the band pass filter 54 is input to a noise power estimation block 56, which is configured
to calculate an estimate of the noise power in the received signal based on the noise band output by the band pass filter
54. The noise power estimation block 56 is configured to perform a calculation to estimate the noise power o2 in the

2
1 M-1

received signal: 62 = ﬁ Z|Wm (l)| where w,(i) is the output of the band pass filter 54 for samples m = 0,
m=0

1, ., M-1.
[0046] The noise power estimation block 56 outputs the noise power estimate 2 to a scaling block 58, which applies
a scaling factor a. to the noise power estimate 2. The scaling factor o is dependent on the bandwidth and sampling

J

o= > where f; is the sampling frequency of the
fhigh - f}ow

frequency of the band pass filter 54 by the relationship

band bass filter 48, f,,4, is the upper cut-off frequency of the band pass filter 54 and f;,,, is the lower cut-off frequency
of the band pass filter 54.

Claims

1. A method for estimating noise power in a received signal that was transmitted using an orthogonal frequency division
multiple access (OFDMA) modulation scheme in which pilot symbols are transmitted during OFDM symbol periods
of the transmitted signal, the method comprising:

interleaving a de-patterned pilot symbol that was transmitted in an OFDM symbol period of the transmitted
signal with a de-patterned pilot symbol that was transmitted in a previous OFDM symbol period of the transmitted
signal to generate an interleaved pilot symbol;

filtering the interleaved de-patterned pilot symbol to remove a signal component of the interleaved de-patterned
pilot symbol to leave a noise component of the interleaved de-patterned pilot symbol; and
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processing the noise component generated by the filtering to generate an estimate of the noise power in the
interleaved de-patterned pilot symbol.

A method according to claim 1 further comprising performing a phase rotation of the de-patterned pilot symbols of
the received signal in the frequency domain.

A method according to claim 1 or claim 2 wherein the de-patterned pilot symbol that was transmitted in the previous
OFDM symbol period is stored in a buffer.

A method according to any one of the preceding claims further comprising scaling the noise power estimate to
compensate for errors introduced during the filtering of the de-patterned interleaved pilot symbol.

Areceiver forreceiving a signal that was transmitted using an orthogonal frequency division multiple access (OFDMA)
modulation scheme in which pilot symbols are transmitted during OFDM symbol periods of the transmitted signal,
the receiver comprising:

an interleaver configured to interleave a de-patterned pilot symbol that was transmitted in an OFDM symbol
period of the transmitted signal with a de-patterned pilot symbol that was transmitted in a previous OFDM symbol
period of the transmitted signal to generate an interleaved de-patterned pilot symbol;

a filter configured to filter the interleaved de-patterned pilot symbol to remove a signal component of the inter-
leaved de-patterned pilot symbol to leave a noise component of the interleaved de-patterned pilot symbol; and
a processor configured to process the noise component generated by the filtering to generate an estimate of
the noise power in the interleaved de-patterned pilot symbol.

A receiver according to claim 5 further comprising a phase rotator configured to perform a phase rotation of the de-
patterned pilot symbols of the received signal in the frequency domain.

A receiver according to claim 5 or claim 6 further comprising a buffer for storing the de-patterned pilot symbol that
was transmitted in the previous OFDM symbol period.

A receiver according to any one of claims 5 to 7 further comprising a scaling unit configured to scale the noise power
estimate to compensate for errors introduced during the filtering of the interleaved de-patterned pilot symbol by the
filter.
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